Carbon isotopic composition of sterols in marine Holocene sediments, marine sinking particles, tree leaves, and soils were determined. δ 13 C values of algae-derived sterols such as 24-methylcholesta-5,22-dien-3β-ol and dinosterol in the marine sediments range from -22.1 to -25.2‰, while those of 24-ethylcholest-5-en-3β-ol (24-ethylcholesterol) range from -22.6 to -24.3‰. We conclude that 24-ethylcholesterol in the marine sediments derives from marine algae, because their δ 13 C values are markedly different from those of the leaves of C 3 (~-29‰) and C 4 (-14‰) plants and similar to those of the algal sterols.
spectrometry (GC-IRMS) is useful for tracing the sources of organic compounds. It can differentiate marine algae-derived organic carbon from terrestrial higher plant derived one, or can resolve photosynthesized compounds from those of secondary inputs (Hayes et al., 1990) . Therefore, we can expect to assess the sources of 24-ethylcholestrol and other sterols in marine sediments by this technique. However, studies conducted so far on carbon isotopic composition of sterols in marine sediments and other geochemical samples are not many (Lockheart et al., 1997; Pancost et al., 1997 Pancost et al., , 1999 . For better assessment of sources of sedimentary sterols, we need to establish database of carbon isotopic composition of individual sterols and to obtain information on factors regulating their isotopic composition.
Here we report carbon isotopic composition of sterols in marine sediments, leaves of terrestrial higher plant. The objective has been to confirm or revise our understanding of the sources of individual sterols in sediments based on the isotopic data and those in previous studies. The analytical results will also contribute to the establishment of the isotopic database of steroid biomarkers.
INTRODUCTION
Many studies have shown that sterols with a high variety in their molecular structure exist in marine sediments, and demonstrated their usefulness in assigning the source of organic matter in sediments (e.g., Volkman, 1986; Brassell, 1993) . For example, dinosterol is generally recognized as a marker for dinoflagellate inputs to sediments. However, many sterols originate from a variety of marine organisms (not only phytoplankton but also zooplankton), making the interpretation as a source biomarker of sedimentary organic matter complicated. In particular, 24-ethylcholesterol (24-ethylcholest-5-en-3β-ol) which was proposed as a marker for terrestiral organic matter (e.g., Meinschein, 1976, 1979) has been demonstrated as not deriving entirely from higher plant, but also from marine microalgae (Volkman, 1986; Volkman et al., 1999) . Thus, Volkman (1986) claimed that 24-ethylcholesterol should be used as a biomarker for terrigenous organic matter with caution and need support from other lipid data.
Compound specific isotope analysis (CSIA) using gas chromatography-isotope ratio mass
SAMPLES AND METHODS

Samples
(1) Japan Sea sediments Surface sediments (11.5 cm-71.0 cm in depth; Holocene) from core KH-79-3, C-3 (37°03.5′ N, 134°42.6′ E: Fig. 1 , water depth 935 m, core length 936 cm) taken from the Oki Ridge in the southern part of the Japan Sea in 1979 (Oba et al., 1991) were used. The core contains thinly laminated clay and massive clay layer alternately. The top 75 cm of the core consists of a brownish olive gray massive clay with abundant siliceous microfossils and few calcareous microfossils (Oba et al., 1991) .
(2) California margin sediments Sediment samples were taken from a Holocene section (30.2 cm-179.6 cm in depth) of ODP Leg167, Hole 1017E Core (955.5 m depth; 34°32.099′ N: Fig. 2, 121°6 .430′ W). The core comes from the west of Point Arguello in the continental slope just south of Santa Lucia Bank and is composed predominantly of silty clay with low (<15%) carbonate content.
(3) Sinking particles Sinking particle samples (JT-06) were collected at site JT (34°10.4′ N, 142°00.4′ E: Fig. 1 , maximum water depth 8930 m) in the Japan Trench. The samples were taken from 4519 m and 8519 m between March in 1990 to February in 1991. These samples were freezedried, ground to powder, and used for organic analyses as composite samples: #4001 and #4002 from 4519 m in water depth, #9001 and #9002 from 8519 m in water depth, #4001 and #9001 as a composite of March, April, and May in 1990, and #4002 and #9002 as a composite of January and February in 1991.
(4) Plant leaves Plant leaves (Cryptomeria japonica, Gingko biloba, C 4 plant leaves (mainly Torreya nucifera), Quercus acutissima) were collected. Except for C 4 plant leaves, the leaves were taken from the campus of Tokyo Metropolitan University (Fig. 1) in May-December in 1994. C 4 plant leaves were taken from around Lake Haruna, Gumma Pref. Japan, in 1989.
(5) Soils Soil samples were taken around the Lake Haruna ( Fig. 1) , Gumma Pref., Japan, in 1988 (SU1-2 and SU3-1) and in 1994 (SH1).
Fig. 1. Sampling site of Japan Sea sediments (C-3), sinking particles (JT-06), C 3 plant leaves (Tokyo Metropolitan University), C 4 plant leaves and soils (Lake Haruna).
Analytical methods
A powdered sample (~5 g: marine sediments, 1 g: leaves, soils, and sinking particle samples) was extracted by ultrasonic extractor (SONIFIER 250, Branson company) with CH 2 Cl 2 /MeOH (2:1, 3 times). The extract was saponified with 0.5 M KOH/MeOH in methanol under reflux and extracted with n-hexane/diethylether (9:1) for neutral compounds. Sterols were separated from the neutral fraction by silica gel column chromatography (column size 50 mm × 5 mm i.d., 5% H 2 O deactivated 100 mesh, Mallinkrodot Company). Aliquots of the sterols were silylated with N,OBis (trimethylsilyl)-acetamide (BSA) at 75°C for 30 minutes for GC/MS. Sterols were separated into 4-methylsterol and 4-desmetylsterol fractions by thin layer chromatography (200 µm layer in thickness; LK-5F: Whatman Company, solvent: nhexane/ethyl acetate 9:1). Both 4-methylsterols and 4-desmethylsterols were then acetylated at room temperature (25°C) using acetic anhydride for 1 hour. These sterols were separated further into saturated and unsaturated fractions using AgNO 3 silica-gel column chromatography (Galli and Paoletti, 1966; Idler and Safe, 1971; Matsumoto et al., 1997) for GC/IRMS analysis. 
GC/MS analysis
GC/MS analysis was carried out using a Varian 3400 GC/Finnigan INCOS-50 MS. Split injection mode was used with a DB-5 fused silica capillary column (30 m × 0.32 mm i.d.; J&W Scientific Company). Helium gas was used as carrier gas and the oven temperature was programmed from 60 to 120°C at 30°Cmin.
-1 , from 120°C to 310°C at 5°Cmin.
-1 and held at 310°C for 20 min. Compound identifications are based on mass spectra with standards or those reported in the literature (e.g., Smith et al., 1982; Gagosian and Heinzer, 1979) and comparison of relative GC retention time.
GC/IRMS analysis
Carbon isotopic compositions of individual sterols were determined on a Finnigan MAT GC/ IRMS system. The system consists of a HP 5890 GC connected to a Finnigan MAT delta-S mass spectrometer via a combustion interface. A fused silica capillary column (DB-5; 60 m × 0.32 mm i.d.) with on-column injection mode was used in GC/IRMS analysis. The GC condition was programmed from 50°C to 200°C at 30°Cmin.
-1 , from 200°C to 310°C at 3°Cmin.
-1 , and held at 310°C for 25 min. The combustion reactor was held at 840°C and packed with CuO and Pt wire as oxidizer and catalyst. Deuterated n-alkane (C 32 D 66 ), whose δ 13 C value had been independently determined, was employed as isotopic standard (-24.94 ± 0.16‰). The standard deviation of this system is less than 0.4‰ using sterol acetate isotopic standards .
RESULTS AND DISCUSSION
cholest-5-en-3β-ol (Cholesterol), 5α-cholest-22-en-3β-ol, 5α-cholestan-3β-ol, 24-methylcholesta-5, 22-dien-3β-ol, 24-ethylcholesterol, 24-ethyl-5α-cholestan-3β-ol, and 4α, 23, 24-trimethyl-5α-cholest-22-en-3β-ol (dinosterol) are generally present in marine sediments. The results of carbon isotopic composition of individual sterols in sediments, particulate organic matter samples, and plants and soils are listed in Tables 1, 2 , and 3, respectively, together with those reported in previous studies.
δ 13 C values of algae-derived sterols (24-methylcholesta-5,22-dien-3β-ol and dinosterol) Dinosterol is well-known as a sterol present only in dinoflagellates. 24-methylcholesta-5,22-dien-3β-ol is the major sterol of many diatoms but it is also present in other algae (Volkman, 1986) . Therefore, both dinosterol and 24-methylcholesta-5,22-dien-3β-ol are regarded as representative algal sterols. Their δ 13 C values in marine sediments (the Japan Sea and California margin) and suspended organic matter samples (Table 2 ) are very close, ranging from -22 to -25‰, although the sampling locations are remote (Japan Sea vs. California margin). This result suggests that average δ 13 C values for algae-derived sterols in common open ocean range from -22 to -25‰. It is known that carbon isotopic composition of organic compounds in algae is controlled by many factors: (1) δ 13 C of inorganic carbon used as the substrate for photosynthesis, (2) concentration of dissolved carbon dioxide of seawater, and (3) growth rate of algae, etc. Therefore, algae-derived sterols in the oceans are expected to have different δ 13 C values. In fact, 24-methylcholesta-5,22-dien-3β-ol extracted from suspended particles taken from the Peru upwelling region is often enriched in 13 C (-22.7 ± 1.9‰) (Pancost et al., 1999) . Likewise, a diatom marker, 24-methylcholesta-5,24-dien-3β-ol (Volkman, 1986) extracted from suspended matter samples taken from the Peru upwelling region is quite enriched in 13 C (-20.2 ± 4.5‰) ; Table 2 ). The high δ 13 C values of this sterol in the upwelling region may be due to high growth rates of the diatoms. In Peru upwelling region and California margin, the δ 13 C values of the diatom markers are often higher than those of the dinoflagellate marker (dinosterol), because diatoms tend to live in nutrient rich regions. Alternatively, the higher sterol isotopic composition for diatoms in Peru upwelling region may indicate that the species employed the mechanisms in which is actively transported inorganic carbon into cells (Pancost Canuel et al. (1997 ), C: Huang et al. (1995 .
-: not described. 5α∆0), cholest-5-en-3β-ol(C 27 ∆5), cholesta-5,22-dien-3β-ol(C 27 ∆5,22), 5α-cholest-22-en-3β-ol(C 27 5α∆22), 24-methylcholest-5-en-3β-ol(C 28 ∆5), 24-methylcholesta-5,22-dien-3β-ol(C 28 ∆5,22), 24-methylcholesta-5,24(28)-dien-3β-ol(C 28 ∆5,24 (28)), 24-methylcholest-5α-22-en-3β-ol(C 28 ∆22), 24-ethylcholestan-3β-ol(C 29 5α∆0), 24-ethylcholest-5-en-3β-ol(C 29 ∆5), 24-ethylcholesta-5,22-dien-3β-ol(C 29 ∆5,22), 23,24-dimethylcholesta-5,22-dien-3β-ol(C 29 M∆5,22), and 24-ethylcholest-22-en-3β-ol(C 29 ∆22). Pancost et al. (1999 ), E: Pancost et al. (1997 ), F: Wakeham and Freeman (1995 , 1997, 1999) . On the other hand, δ 13 C values of sterols produced by algae living in relatively oligotrophic water mass is low. The Black Sea and Sargasso Sea is mesotrophic and oligotrophic, respectively. This may indicates that the growth of algae is restricted by low nutrient and low δ 13 C values follow low algal growth rate (Laws et al., 1995; Bidigare et al., 1997) .
Consequently, we conclude that the δ 13 C values of algae-derived sterols (24-methylcholesta-5,22-dien-3β-ol and dinosterol) fall a wide range between -20 and -29‰ for the oceanographic conditions such as nutrient concentrations and the spices of marine algae. The carbon isotopic compositions of algae-derived sterols in this study (-22 .1 to -25.2‰) are conformable and explainable because of moderate nutrient conditions in the Japan Sea, Japan Trench, and California margin. This conclusion seems to be valid also for long-chain alkenones which are biomarkers for coccolithophores (Haptophytes algae), because those from the Japan Sea Holocene sediments (-23.4 ± 1.0‰: n = 11; Yamada et al., 1997) are almost identical to δ 13 C values for both 24-methylcholesta-5,22-dien-3β-ol and dinosterol.
Sources of C 27 sterols δ 13 C values of cholesterol in this study range from -21.5 to -24.5‰ (Tables 1 and 2) , which is enriched in 13 C by -0.6 to +2.9‰ relative to algae-derived sterols (dinosterol and 24-methylcholesta-5,22-dien-3β-ol). This result is almost consistent with those reported previously (Hayes et al., 1995; Wakeham and Freeman, 1995; Pancost et al., 1999) . That is, cholesterol is isotopically by 0.1 and 1.4‰ heavier than 24-methylcholesta-5,22-dien-3β-ol in the Black Sea and Sargasso Sea (Wakeham and Freeman, 1995) and by 1.0 and 2.0‰ heavier in Peru upwelling region (Pancost et al., 1999) . Moreover, Fischer (1991) showed that organic matter in sinking particles (mostly fecal material containing phytoplanktonic biomarkers) is enriched in 13 C relative to phytoplankton by 2 to 5‰, and Hayes (1993) claimed that this result may be due to the loss of 13 C-depleted methane from zooplanktonic gut communities. These results essentially agree with the fact established previously that animal is enriched in 13 C by ~1‰ on average relative to diet (DeNiro and Epstein, 1978) . Therefore, theses results suggest that zooplankton is more important than phytoplankton as the source organism of cholesterol in marine environment.
5α-cholestan-3β-ol gives δ 13 C values ranging from -22.4 to -26.9‰. As to the precursor of 5α-cholestan-3β-ol, the following hypotheses exist: (1) this sterol is a hydrogenation product of cholesterol on diagenesis (e.g., Ogura and Hanya, 1973; Gagosian and Heinzer, 1979; Smith et al., 1982) , (2) 5α-cholestan-3β-ol is derived from dinoflagellates (Robinson et al., 1984) . Since the δ 13 C values of 5α-cholestan-3β-ol in sediments are significantly lighter than those of cholesterol (by 4.6‰ in maximum for core C-3 and by 2.3‰ for JT-06), the former is not formed by hydrogenation of the latter during diagenesis. Rather, it is likely that 5α-cholestan-3β-ol is derived from dinoflagellates because δ 13 C values of the compound is similar.
5α-cholest-22-en-3β-ol is generally found in marine sediments, but no discussion has been made on its origin except for the general consideration of a variety of planktonic algal sources (Brassell and Eglinton, 1986 ). δ 13 C value (-26.2 ± 1.3‰) of this sterol in a Japan Sea sediment seems slightly lighter than those of algaederived sterols.
δ 13 C values of C 29 sterol (24-ethylcholesterol) As described already, the advantage of 24-ethylcholesterol as a biomarker for terrigenous organic matter is limited in samples in marine environment, since phytoplankton species such as diatoms and Haptophyte algae are potential contributors for 24-ethylcholesterol (Volkman, 1986) . However, carbon isotope analysis may be effective in discrimination between sterols derived from vascular plants and marine phytoplankton.
As predicted, 24-ethylcholesterol in terrestrial C 3 vascular plants (Table 3) is markedly depleted in 13 C (-29.1 ± 1.1‰) relative to algae-derived sterols (-23.5 ± 1.2‰). Unspecified C 4 plants give distinctly high δ 13 C values (-13.7 ± 0.1‰). 24-ethylcholesterol in terrestrial soils is slightly enriched in 13 C (-26.3 ± 0.9‰) relative to that in C3 plants, probably because this sterol originates mainly from C 3 plant with minor contribution of that in C 4 plants. 24-ethylcholesterol in vascular plants reported by Lockheart et al. (1997) gives -33.0 ± 2.3‰. These results indicate the possibility of tracing the source of 24-ethylcholesterol in marine sediment samples from its carbon isotopic composition.
24-ethylcholesterol (-23 to -24‰) from both modern marine sediments (the Japan Sea and California margin) is isotopically similar to algae-derived sterols (24-methylcholesta-5,22-dien-3β-ol and dinosterol). These results strongly support the possibility that the ethylcholesterol derives from marine algae. Although not impossible in theory, it is much less plausible that the δ 13 C values of a terrigenous sterol happen to be about -24‰ by the mixing of sterols derived from C 3 (-29‰ or -33‰) and C 4 (-14‰) plants. In addition, 24-ethyl-5α-cholestan-3β-ol in the two marine sediments is concluded from its δ 13 C value to be also derived from marine organisms.
CONCLUSION
The present study indicates that 5α-cholestan-3β-ol, 24-methylcholesta-5,22-dien-3β-ol, and 4α, 23, 24-trimethyl-5α-cholest-22-en-3β-ol (dinosterol) in open marine sediments give similar δ 13 C values of -24‰ corresponding to algaederived sterols. This study has also revealed that the δ 13 C values of 24-ethylcholesterol in Holocene marine sediments are markedly different from those of terrestrial C 3 (-29 or -33‰) and C 4 (-14‰) plants, indicating clearly the former to be algae-derived. Analyses of carbon isotopic compositions of individual sterols in marine algae, marine (Holocene) sediments, sinking particles, tree leaves and soils furnished data base which is useful in determining the source of sterols.
